Variations of carbon and oxygen isotopic ratios in response to cyclical sea level Xuctuations have been documented from a Paleoproterozoic peritidal stromatolite succession. The upper division of the Kajrahat Limestone, Vindhyan Supergroup of central India consists of several shallowing upward stromatolite cycles identiWed by regular and systematic changes in stromatolite size. Normally, larger stromatolites are followed upward in the succession by smaller stromatolites and microbial laminites that occupy the top of the cycle. Desiccation cracks are found in all the facies indicating subaerial exposure. We investigated the stable isotope compositional variations across nine complete stromatolite cycles showing frequent subaerial emergence. Carbon and oxygen isotopic values of the limestones, in general, are comparable to contemporary marine values available from earlier studies but show regular depletion in response to shallowing of the water level. The 13 C and 18 O values of the limestones vary within an individual stromatolite cycle; depleted values characterize the topmost part of the cycles. The isotope pattern is explained by micritic carbonate deposition in diVerent sub environments of the shallow marine domain having diVerent salinity and variable duration of exposure. These variations also probably caused the observed scatter in 13 C and 18 O values of supratidal microbial laminites.
Introduction
Carbonates belonging to the Proterozoic Vindhyan basin of central India have been studied by many workers, but only a few of them presented process-related facies correlation (Sarkar et al., 1996; Chakraborty, 2004; . Stable isotope analyses of these limestones provided valuable information regarding Proterozoic ocean compositions and evolution of the Precambrian hydrosphere, atmosphere and biosphere (Sarkar et al., 1998; Kumar et al., 2002; Ray et al., 2003) . They also provide clues regarding the depositional and diagenetic setting of the Vindhyan carbonates (Banerjee, 1997; Sarkar et al., 1998; Chakraborty et al., 2002; Chakraborty, 2004; . Recently, Chakraborty (2004) attempted to identify the unconformity surfaces of the Lakheri Limestone (upper Vindhyan) on the basis of depleted carbon and oxygen isotope values. A few studies have also indicated the possible existence of a Precambrian-Cambrian boundary within the upper part of the Vindhyan succession, but samples were not obtained from well-constrained sections and supportive paleontological evidence was lacking (e.g. Friedman et al., 1996 Friedman et al., , 2004 . Kumar et al. (2002) and Ray et al. (2003) presented carbon, oxygen and Sr isotope systematics of the Vindhyan carbonates and discussed their implications in relation to secular variation of these isotopes in Precambrian seawater. These studies presented the C-isotope stratigraphy of the Vindhyan Supergroup as a whole and attempted to provide the diagenetically least-altered isotope values. Ray et al. (2003) considered that 13 C in the range of 0 § 2‰ represent 'primary values' of Paleoproterozoic to Mesoproterozoic carbonates. However, these workers neglected the inXuence of sedimentary facies and overlooked the existence of stromatolite cyclicity within the upper division of the Kajrahat Limestone that can be a potential cause of isotopic variations. Peritidal carbonate succession showing repeated shoaling upward cycles can have inherent isotopic variations due to emergence of the depositional surface above the water level (Joachimsky, 1994; Sarkar et al., 1998; Chakraborty et al., 2002; Chakraborty, 2004) . A proper identiWcation of shortterm variations of stable isotopic ratios and understanding their causes can help us to interpret the secular variations with greater accuracy (Chakraborty, 2004) . The present work is an attempt to study isotopic variations of a carbonate succession from the upper division of the Kajrahat Limestone that shows decimeter-scale shallowing upward stromatolite cycles (Banerjee, 1997) . The study attempts to integrate Weld observations of the stromatolite successions and their stable carbon and oxygen isotopic compositions.
Shoaling upward cycles are common in carbonate platform sequences of Paleozoic and Mesozoic age and have been studied in great detail (James, 1984) . In comparison, Precambrian sequences have not received due attention (but see Grotzinger, 1986a, b; Southgate, 1989; Altermann and Herbig, 1991; Drummond and Wilkinson, 1993; Altermann and Nelson, 1998) . Causes of such cyclicity have been attributed to various autocyclic and allocyclic mechanisms. It is of interest to determine if isotopic analysis of the well-preserved Vindhyan shoaling upward marine carbonate succession can be of use to identify and characterize the stromatolite cycles.
Geological background
The Vindhyan succession is about 4500 m thick and contains unmetamorphosed and mildly deformed beds having well-preserved sedimentary structures. Microbially mediated sedimentary features are found in both carbonates and siliciclastics of the Vindhyan basin (Chakraborty, 2004; Banerjee and Jeevankumar, 2005) . Vindhyan sedimentation took place in a dominantly shallow marine depositional setting (Chanda and Bhattacharyya, 1982; Bose et al., 2001) . Bose et al. (1997 Bose et al. ( , 2001 proposed that lower Vindhyan sedimentation took place in an intracratonic rift basin; they also documented the transition from rift basin to intracratonic sag basin during deposition of the upper Vindhyan.
The Kajrahat Limestone belongs to the Semri Group, the lower part of the two-tiered Vindhyan Supergroup ( Fig. 1 ; Banerjee 1997; Bose et al., 2001; Rasmussen et al., 2002) and is exposed along the southern Xank of the Vindhyan basin in the Son valley area. In the Kuteswar area, the Kajrahat Limestone overlies the poorly exposed Arangi Shale (Fig. 1, Banerjee 1997 ). The Kajrahat Limestone gradationally passes upward to the Porcellanite Formation which is volcaniclastic in nature (Roy and Banerjee, 2002) . Rasmussen et al. (2002) and Ray et al. (2002) Sr ratios it is considered to be about 1700 Ma old (Ray et al., 2003) .
Kajrahat Limestone succession
The Kajrahat Limestone is nicely exposed in a 255 m thick section around Kuteswar, but the exposures are generally poor in the surrounding areas. Sandwiched between the Arangi Shale below and the Porcellanite Formation Fig. 1 . Geological map of the Vindhyan basin in the Son valley area with necessary stratigraphic details and important locations including the study area, Kuteswar (modiWed after Auden, 1933) . Map of India within inset. above, the Kajrahat Limestone at Kuteswar has three superposed divisions characterized by distinctive facies assemblages (Fig. 2) . Detailed description of individual facies and their characteristic features are given in Table 1 .
The 60 m thick basal division of the Kajrahat Limestone is dominated by dolomites. It consists of a grey massive dolomite body (facies A) interspersed with isolated yellowish grey-coloured, planar-curved, cross-stratiWed dolomite lenses (facies B). The 70 m thick middle division is composed of monotonous vertical alternations of dark grey, faintly laminated limestone (facies C) and yellowish grey dolostone (facies D). Under the microscope, the dolomite reveals pseudomorphs of gypsum rosettes (Fig. 3) . Barring a few lensoid and cross-stratiWed dolostone bodies essentially similar to facies B, the 125 m thick upper division mainly consists of organo-sedimentary structures, viz. stromatolites and microbial mats (Fig. 4) . Despite their variations in form, all these microbial facies are made of nonferroan calc-micrite, variably recrystallized locally into non-ferroan calcite microspars. The stromatolites are present in two size-classes, the larger stromatolites (facies E) and the smaller stromatolites (facies F). The larger stromatolite columns in vertical section often bear a vertical crack system irrespective of orientation (Figs. 5, 6 ). Microscopic observation shows that the cracks are Wlled by non-ferroan limpid calcispars. In bed-parallel section, traces of three such vertical cracks, about 120°C apart, can be seen ( Fig. 6 ; cf. Bose et al., 2001 ). The three cracks meet at the centre of the column, but never cut across one another. The smaller stromatolites are mostly inclined and generally branching in nature (facies F, Table 1 ). In addition, there are crinkled microbial laminites (facies G) that bear V-shaped cracks Wlled by clear, blocky, non-ferroan calcite (cf. Altermann and Herbig, 1991) . The facies becomes considerably thicker towards the top of the upper division (Fig. 4) .
Paleogeographic interpretations
The large-scale cross-stratiWed dolomite bodies are interpreted as channel-Wlls and their distribution in the lower and upper divisions of the Kajrahat Limestone suggests a shallow marine environment of deposition. This is further conWrmed by the presence of oriented stromatolites (HoVman, 1976) . Occasionally, extreme shallowing is indicated by evaporitic gypsum pseudomorphs in facies D (Wright, 1999; Wright and Wacey, 2004) and by profusion of shrinkage cracks in facies G.
The facies G undoubtedly formed at the shallowest part and often built up to the sea surface. On the contrary, the conical stromatolites (in facies E) without any branching or preferred orientation presumably developed in a subtidal setting, beneath the fair weather wave base (Grotzinger, 1986a; Southgate, 1989; Altermann and Herbig, 1991) . The upward transition from facies E to F is gradational and within the latter, the stromatolites progressively decrease in size, eventually acquiring a branching microdigitate form with consistent orientation indicating strong agitation in an intertidal setting (HoVman, 1976; Grotzinger, 1986a, b; Walker, 1997, 2000; Chakraborty, 2004) . Reduction of stromatolite size has been attributed to a decrease in water depth (Beukes and Lowe, 1989; Glumac and Walker, 1997) . Microbial laminites are considered to be of supratidal origin and the cracks within the facies might have formed due to desiccation (Altermann and Herbig, 1991) . Since the facies becomes abnormally thicker towards the top of the upper division, it is inferred that the Kajrahat Limestone represents an overall shallowing succession. This is further corroborated by the occurrence of Arangi Shale (formed oVshore) below and subaerial volcaniclastics (Porcellanite Formation) above.
Stromatolite cycles of the Kuteswar area
Cyclicity in the upper division of the Kajrahat Limestone is manifested in repeated mutual vertical transitions of the three microbially originated facies E, F and G (Figs. 4, 7, 8) , leading to vertical stacking of such cycles. The cycles range in thickness from 40 to 110 cm, averaging about 60 cm. The contact between facies G and overlying facies E is sharper than the contacts of other facies within the stromatolitic part. Within the cycles, transitions between facies are commonly gradational. The cycle bases are identiWed by sharp and planar erosional surfaces often demarcated by the accumulation of minute clasts. Within each cycle, the upward succession of facies is invariably from larger stromatolites to smaller stromatolites and onto microbial laminites, although all the constituents may not be present in every cycle. Incomplete cycles consist of alternating successions of smaller stromatolites and microbial laminites. The large stromatolites are generally very thick, averaging about 40 cm and exhibit a less conspicuous smaller order intra-facies cycle averaging »13 cm in thickness (Figs. 5, 8 ). ConWned within larger stromatolite cycles, conical stromatolites gradually tend to be Xattened upwards while the sediments progressively become argillaceous (Figs. 5, 8) . The cycle bounding surfaces are irregular, largely retaining the morphology of the underlying stromatolites (Figs. 5, 8) . Immediately above these surfaces, stromatolites revive their conical forms only to be Xattened again further upwards (Fig. 8) . Stromatolite column axes can, however, be traced across these surfaces deWned by sharp upward transitions from round headed stromatolites to conical stromatolites. There is no lithologic variation, and generally micritic calcite comprises each of the stromatolite constituents.
The periodic alternation of large stromatolite, small stromatolite and microbial laminite within the Kajrahat Limestone indicates cyclical Xuctuation in sea level leading to eventual aerial exposure in each cycle. The scale of marine regression was so large that it caused repeated exposure of deeper subtidal facies. Obviously, the duration of exposure was greater in the case of microbial laminites compared to the larger stromatolites. Stromatolite growth possibly stopped at the end of each cycle because of subaerial exposure and desiccation. Recolonialisation of stromatolite started again following the next Xooding (Altermann and Herbig, 1991) . Apparently, sea level Xuctuations in an epeiric Vindhyan basin took place periodically. Banerjee (1997) made a detailed study of the stromatolite cyclicity using a Fischer plot (Fischer, 1964) and found that the cycles are largely aperiodic. Detailed discussion of the cyclicity is beyond the scope of the present paper. Here, we look for a possible signature of stable isotope variations in the stromatolite cycles.
Methodology for isotope studies
Fresh samples were collected from the upper division of the Kajrahat Limestone while noting their respective facies and stratigraphic position. Samples were collected from three segments of the upper division. Each of these segments has three consecutive full cycles consisting of large stromatolite, small stromatolite and microbial laminite (Fig. 4) . Samples were taken from the basal portion of the three facies; thus, nine samples were taken from each segment and a total of 27 samples were collected from three segments. Isotopic analysis of the samples was performed at the Physical Research Laboratory, Ahmedabad. Care was taken to choose visibly unaltered micritic carbonate samples identiWed by prior petrographic studies using a light microscope and SEM. Samples containing recrystallisation veins, crack-Wlls, neomorphic calcites and dolomites were discarded. Selected samples were cleaned, disaggregated and powdered. Carbon and oxygen isotopic ratios were measured by treating the powdered samples with H 3 PO 4 at 50°C for 10 min, cleaning the evolved CO 2 from water vapour and other condensable gases and analyzing it in a VG Micromass 903 triple collector mass spectrometer. The isotopic ratios 13 C and 18 O are expressed with respect to the international standard PDB (Craig, 1957) and are reproducible to §0.10‰ at the 1 level based on repeat analyses of a few samples and an internal carbonate standard.
Isotopic composition of the Kajrahat stromatolites
Analysis of 27 samples shows that 13 C values of the stromatolitic limestones range from 0.9‰ to ¡2.5‰ (Table  2, Table 1 and in text. Fig. 8 . A Weld drawing depicting mutual vertical transitions between facies E, F and G in the upper division of the Kajrahat Limestone. Note that the upward transition from facies E to F to G is gradational while the reverse is sharp. Three Wrst order cycles are demarcated by arrows where the 2nd cycle is the only complete cycle. Within such cycles, second-order cyclicity is depicted in changes in the geometry of large stromatolites. Note that column axes of the large stromatolites can generally be traced across the discontinuity surfaces between the second-order cycles.
laminites occupy two ends of the data plot and values for smaller stromatolites occupy the middle portion of the data plot (Fig. 9) .
13 C and 18 O values for the large and small stromatolites are well clustered while the microbial laminites exhibit a wide scatter of data points (Fig. 9) 
Interpretation of the isotopic data
The 13 C values obtained in this work are consistent with that expected for Late Paleoproterozoic seawater (Karhu and Holland, 1996; Hall and Veizer, 1996; Lindsay and Brasier, 2000; Schidlowski, 2001; Shields and Veizer, 2002; Kumar et al., 2002; Ray et al., 2003 and many others) .
13 C values of the present study match the 'primary' or least-altered isotope values provided by Ray et al. (2003) . The regular and systematic shifts in isotope ratios in the peritidal stromatolite cycles cannot be attributed to ocean water turnover, diVerences in productivity or changes in the burial rate of organic carbon.
Negligible correlation between 13 C and 18 O values and the wide scatter of data points suggests alteration of most carbon and oxygen isotope values (Fig. 9) .
13 C values of the large stromatolites and small stromatolites remain conWned within a narrow range (close to 0‰), although 18 O values for the same samples exhibit considerable variation (Fig. 9) . It is implied that the alteration eVect is least pronounced for carbon isotopes. Usually diagenetic Xuids do not contain much CO 2 to reset the original carbon isotopic signature, unless the alteration eVect is extensive and the original carbonate sediments are highly recrystallized. Large stromatolites exhibit less scatter of data points and have the highest 13 
C and
18 O values, suggesting that they are the least altered and most closely represent primary isotopic ratios (Veizer et al., 1992 (Booler and Tucker, 2002) . Lack of compaction within the Kajrahat Limestone rules out the second option and suggests that alteration of carbon and oxygen isotope compositions took place under near surface conditions. All the constituent facies of the upper division, including microbial laminites, small and large stromatolites exhibit emergence features. However, the isotopic ratios of the large stromatolites possibly suggest minor alteration from original values because of the short duration of exposure (Joachimsky, 1994 (e.g. Joachmisky, 1994) . Changes in isotopic ratios within the context of changing facies in the Kajrahat Limestone allows us to critically examine assumptions regarding alteration by meteoric water.
Conclusions
The uppermost division of the Kajrahat Limestone (belonging to the Semri Group of the Vindhyan Supergroup) consists of vertically stacked, shoaling upward peritidal stromatolite cycles. Each of the stromatolite cycles shows features of subaerial exposure. Even the subtidal, large stromatolites became exposed, although the duration of exposure is expected to be less. As a result, microbial laminites of supratidal origin and small stromatolites of intertidal origin display signs of alteration in their stable isotopic compositions. The degree of alteration is higher for microbial laminites because of the longer duration of exposure.
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O values of large stromatolites, although comparable to 'primary' or least-altered values for Paleoproterozoic seas, also show signs of minor alteration. The alteration eVect is less conspicuous for carbon isotopes. Our study suggests that the stable isotopic compositions of shallowing upward carbonate cycles reXect alteration by the action of meteoric waters. The degree of alteration depends on the duration of exposure and composition of the meteoric water involved.
